Organic liquids are common polluters of the subsurface environment. Once released, these nonaqueous phase liquids (NAPLs) tend to become entrapped within soils and geologic formations where they may serve as long-term contaminant reservoirs. The interphase mass transfer from such entrapped residuals will ultimately control environmental exposure levels as well as the persistence and/or remedial recovery of these contaminants in the subsurface. This paper summarizes National Institute of Environmental Health Sciences-sponsored research designed to investigate and quantify NAPL entrapment and interphase mass transfer in natural porous media. Results of soil column and batch experiments are presented that highlight research findings over the past several years. These experiments explore dissolution and volatilization of hydrocarbons and chlorinated solvents in sandy porous media. Initial concentration levels and long-term recovery rates are shown to depend on fluid flow rate, soil structure, NAPL composition, and soil wetting characteristics. These observations are explained in the context of conceptual models that describe entrapped NAPL morphology and boundary layer transport. The implications of these laboratory findings on the subsurface persistence and recovery of entrapped NAPLs are discussed.
Introduction
Of the most frequently detected soil and groundwater pollutants at National Priorities listed hazardous waste sites, the large majority are known chemical con (1) revealed that more than two-thirds of these sites were contaminated by NAPLs.
Organic liquids are commonly released through underground storage tank and piping leaks, surface spills, and improper disposal practices (2) . Most of these organic liquids are only sparingly soluble (immiscible) in water and many components have low volatility. Thus, once introduced into the subsurface, they tend to persist in the environment as a distinct organic phase that can serve as a long-term source of air and water contamination. Indeed, it is now widely recognized that the presence of NAPLs is one of the most significant factors limiting the success of conventional "pump-and-treat" groundwater remediation technologies (3) .
When an organic liquid penetrates the subsurface, it tends to migrate downwards under gravity until it encounters a soil region of low fluid conductivity or until it reaches the water-saturated soil zone. As it migrates downwards, capillary forces act to retain a portion of the organic liquid within the soil matrix. This retained portion is known as NAPL residual. Upon reaching the saturated soil zone or a lower conductivity layer, the NAPL may migrate laterally until a balance is achieved between pressure, gravity, and capillary forces. For NAPLs with densities significantly greater than water (DNAPLs), the saturated soil zone may not act as an impediment to vertical migration and the DNAPL will continue to move downwards under gravity forces, leaving entrapped organic residual in its wake. Downward migration will continue until complete retention or until the DNAPL encounters a low conductivity or impermeable zone, where it will spread laterally. Depending upon the soil texture, entrapped residual organic saturations may vary from approximately 4 to 10% of the pore space in the unsaturated soil zone (4) to as high as 20% of the pore space in the saturated zone (5, 6) .
Due to the low solubilities and often low volatilities of many NAPLs, the bulk of the contaminant mass in the subsurface tends to reside in the NAPL phase, persisting as a long-term contamination source. Thus, if one is interested in predicting contaminant concentrations that will be measured at receptor wells or within the atmosphere in the vicinity of a hazardous waste site, an understanding of NAPL interphase mass partitioning behavior is crucial. In addition to its influence on exposure levels, the extent and rates of interphase mass transfer will also control the persistence of organic contaminants in the subsurface environment and the bioavailability of such compounds for natural microbial
transformations. An understanding of interphase mass transfer could also guide the development and design of innovative remediation or containment/barrier technologies, such as soil vapor extraction and bioventing (7) , surfactant or solvent-enhanced aquifer remediation (8, 9) , or in situ soil property modification strategies (10, 11) .
The objective of this paper is to present an overview of fundamental laboratory research exploring NAPL interphase mass transfer conducted during the last few years under sponsorship of the National Institute Environmental Health Perspectives * Vol 106, Supplement 4 * August 1998 -. 
Conceptual Model of Interphase Mass Transfer
Conceptual models of pore fluid distributions in a NAPL contaminated region of the subsurface are presented in Figure 1 . Figure  IA depicts a two-fluid-phase (water-organic) system that is representative of NAPL entrapment within the saturated soil zone. In sketching this figure, it has been assumed that water tends to preferentially wet the soil grains. This will be the case for common soil constituents such as quartz and carbonates (17) . Under these conditions, water is called the wetting phase; in larger pores, it occupies the volume immediately adjacent to the soil grains and it tends to occupy the entire volume of the smaller pores. In contrast, the NAPL tends to form entrapped ganglia, which are discontinuous blobs of organic liquid within the center of the larger pores. Figure IA suggests that ganglia may be quite complex in shape, occupying multiple pore bodies. These shapes are controlled by variations in pore structure and size, as well as by the initial organic release rate. Studies in etched glass micromodels that mimic the pore structure in natural media (18) and observations of ganglia cast within porous media (5, 6, 12) have confirmed this conceptual model. In a contaminated unsaturated soil zone, three fluid phases will be present: water, organic, and gas (air). Figure lB depicts the configuration of these fluids within the pores of such a system. Here again, water preferentially wets the solid surface and tends to occupy the entire volume of the smallest pores. The center of the largest pores, however, is now occupied by the soil gas. The entrapped organic liquid tends to spread along the water-gas interfaces, forming continuous films, lenses, or wedges. This conceptual model is consistent with fluid distributions observed in etched glass micromodels (18, 19) and in natural sands that were frozen and sectioned (20) . migration of contaminants that are constituents of this organic liquid is ultimately controlled by the exchange of mass between the organic and the soil water (dissolution) and/or gas (volatilization) phases. Figure 2 depicts the exchange of mass across the interface between a single component NAPL and the a (water or gas) phase. A boundary layer is assumed to occur at the interface separating the residual NAPL and the bulk flowing a phase. The thickness of this boundary layer will be a function of the viscosity and velocity of the a phase. Mass exchange across this boundary layer may occur in a series of steps (21) . First, the organic partitions into the a phase at the interface according to equilibrium thermodynamics. This partitioning process may also be influenced by surface phenomena such as sorption or chemical reactions. Next, the organic diffuses through the boundary layer into the bulk a phase. This boundary layer diffusion is often considered to be the process that controls the rate of interphase mass transfer (4, 22, 23) .
A quasi-steady approximation may be developed from Fick's first law for diffusion through the boundary layer. It is given by the following linear driving force expression: coefficient (L t-'). According to Fick's first law, koc will be inversely related to the thickness of the boundary layer and directly proportional to the diffusivity of the organic in the bulk a phase. Consistent with experimental observations, however, the value of koa is typically modeled in particular applications as a nonlinear function ofdiffusivity, velocity, and viscosity (23) .
To determine the total mass exchanged during some time interval using Equation 1, information must be available on the total interfacial area across which this mass transfer is occurring. The direct measurement or estimation of interfacial areas is a difficult task due to spatial and temporal changes in NAPL configuration. It is customary, then, to represent interfacial mass transfer in terms of a lumped mass transfer coefficient (,oa. aoakoa) (t-l) that is the product of the mass transfer coefficient and the specific interfacial area (a') (the interfacial area per unit volume of porous medium). Thus, the mass exchanged per unit time per unit volume between the organic and a phases becomes (Eoa):
Eoa= Joa = koa (Caq -Ca) [2] coefficients for a variety of porous media systems (6, (27) (28) (29) (30) (31) (32) (33) (34) (35) (27, 28, (36) (37) (38) (39) Representative measurements of initial NAPL dissolution in two sandy media are shown in Figure 4 . Here column effluent concentrations have been normalized to the equilibrium solubility of the organic liquid (styrene) in water. Styrene is a model NAPL with properties representative of a petroleum hydrocarbon. It has a density less than that of water (0.907 g/cm3) and an aqueous solubility of 230 mg/I at 250C. The coarser and more uniform Ottawa sand was packed to a porosity of 0.318 and had an initial styrene saturation of 0.1 1 1, whereas the finer and more graded Wagner sand was packed to a porosity of 0.404 and had an initial styrene saturation equal to 0.139. Each data point in entrapment and mass Figure 4 represents a measurement of concentration under quasi-steady (stabilized concentration) conditions at a particular water injection rate. For plotting purposes, injection rates have been divided by the cross-sectional area of the column to yield a superficial velocity. It should be noted that less than 10% of the initial entrapped NAPL mass was dissolved over the course of any particular experiment. Thus, it is reasonable to assume that the lumped mass transfer coefficient varies only in response to variations in the mass transfer coefficient for each sand, i.e., it is assumed that the interfacial area remains relatively constant over this time interval for a particular sand. Superficial velocity, m/day Examination of Figure 4 reveals that dissolution was mass transfer rate limited in these experiments, that is, effluent concentrations differ from the equilibrium solubility of styrene. The figure also shows that deviations from equilibrium depend strongly on fluid velocity, increasing with increasing velocity. This effect is not unexpected as an increasing velocity reduces the contact time between the aqueous and NAPL phases in the column, and one would anticipate that the total mass transfer would decrease as a result. The data plotted in Figure 4 also suggest a marked dependence of dissolution mass transfer on soil physical characteristics. Here increasing grain sWe is linked to increasing deviations from equilibrium.
Based upon the data presented in Figure  4 and similar dissolution measurements in a variety of sandy media, Powers et al. (6, 12) developed the following correlation expression for the lumped mass transfer coefficient: Show = 4.13Re 0600.67U0.37 [6] where 8 =d5oldM and U= d601d10 are the dimensionless mean grain size and the uniformity index, respectively; the parameter dM= 0.05 cm is defined as the mean grain size of a medium sand (40) , and d60 and djo are the soil grain sizes for which 60 and 10%, respectively, of the sand mass is finer. Here, a uniformity index of 1 indicates that the medium is composed of grains of uniform size and an increasing value of U indicates more variation in the grain size distribution.
The above correlation was developed using a multiple linear regression technique to determine the best fit correlation for the experimental data. To directly compare these two correlations and to help develop further insight into the mass transfer process, it is useful to recast Equations 6 and 7 into an explicit expression for the lumped mass transfer coefficient. Thus, the dissolution and volatilization lumped mass transfer coefficients were found to be proportional to the following parameters: kow 0o6d50.73U037
[8] [9] In comparing these two expressions, the first point to note is that the flow rate dependence of volatilization is strikingly similar to that of dissolution. In Equations 6 and 7 the Sherwood numbers also exhibit a similar dependence on Reynolds number. This suggests that the flowing phase fluid dynamics (water or gas) are similar in the two-and three-phase systems for the range of Reynolds numbers considered herein; i.e., 0.04 < Re< 0.20. In contrast, however, exponents associated with porous media properties are quite dissimilar. For dissolution, the mass transfer coefficient is inversely proportional to the mean grain size, whereas for volatilization, the mass transfer coefficient is directly proportional to d50. In addition, no statistically significant dependence on medium uniformity was observed for volatilization mass transfer. These differences in parameter dependency can be explained in terms of the conceptual models presented in Figure 1 . In the three-phase systems, the mobile phase (gas) occupies the largest pores. As the mean grain size is reduced, increased capillary forces will tend to increase the residual water saturation, restricting gas flow and potentially further limiting gas access to the regions of entrapped NAPL. In contrast for NAPL dissolution, the flowing phase is water, the wetting fluid. Thus, a reduction in grain size will not limit pore accessibility to water. It will, however, influence the entrapped NAPL configuration, decreasing the mean size of entrapped ganglia and increasing specific interfacial area and, hence, mass transfer. The data suggest that NAPL entrapment geometry in the three-phase system is comparatively unaffected by changes in grain size distribution. Pore volumes Figure 5 . A plot of the log of the observed and predicted normalized styrene effluent concentration data versus pore volumes of water displaced through Ottawa sand at a superficial velocity 9.13 m/day (41); the porosity was 0.368 and the initial organic saturation was 0.132.
area. Consider again the conceptual model presented in Figure IA . Here NAPL is entrapped as isolated globules or interconnected ganglia. As NAPL mass dissolves, the ganglia will decrease in size. This decrease in size will be accompanied by a corresponding decrease in exposed interfacial area. It is likely that the larger ganglia, which have smaller area-to-volume ratios, will tend to persist. Due to the reduction in interfacial area, concentrations will tend to decrease with dissolution. This hypothesis has been supported by measurements of ganglia (in situ polymerized styrene) size distributions in porous media and their correlation with mass transfer rates (12, 41) . Powers et al. (41) found that a decreasing d50 was associated with a decrease in the mean entrapped ganglia size and an increase in the mass transfer coefficient, whereas an increasing U was associated with an increase in the ganglia size distribution uniformity index and a higher initial mass transfer coefficient. Surrogate parameters for interfacial area can be incorporated in correlations for mass transfer behavior to facilitate the prediction of the long-term persistence of NAPLs in the subsurface (12, 27, 28, 41) . To date, changes in interfacial area have been modeled with a power function of the NAPL saturation (12, 27, 28) , or by assuming that the residual NAPL is entrapped as several sizes of spherical globules with known radii (41) . Figure 5 illustrates predictions for the long-term dissolution behavior of styrene based upon a number of modeling approaches: a) assumption of a constant equilibrium effluent concentration; b) assumption of a constant (nonequilibrium) concentration Figure 6 . Here again, concentration levels fall as NAPL removal proceeds. In contrast to the dissolution case, however, effluent concentrations (and consequently mass transfer rates) remain high over most of the experiment. The sharp drop in effluent concentration coincides with removal of more than 99% of the NAPL mass within the column. A similar rapid decline in concentration has been observed in other volatilization studies (38, 42) . These observations suggest that the specific interfacial area remained relatively constant during the volatilization experiment. This hypothesis is consistent with the conceptual model of entrapped NAPL configuration as thin films ( Figure  IB) . Further examination of Figure 6 reveals that the sharp concentration decrease is followed by an extended period of low but persistent concentration levels. This concentration tail may be caused by the presence of small zones of occluded ENTRAPMENT AND PERSISTENCE OF ORGANIC UGUID CONTAMINANTS NAPL or by rate limitations in desorption ofstyrene from the soil. Figure 6 also presents predictions for the long-term volatilization behavior of styrene based upon a) assumption of a constant equilibrium effluent concentration; and b) assumption of a constant (nonequilibrium) concentration determined from the lumped mass transfer correlation (Equation 7) coupled with a steady-state analytic solution for solute transport that neglects dispersion (4) . In contrast to the dissolution behavior shown in Figure 5 , Figure 6 suggests that temporal changes in the lumped mass transfer coefficient need not be modeled to predict long-term volatilization behavior, because of the presence of uniform effluent concentration levels over most of the period of styrene removal. Complete styrene recovery is predicted for cases a and b after 1091 and 1146 pore volumes, respectively. The experimental data indicate that approximately 1180 pore volumes are required to recover 99.8% of the entrapped styrene. The approach that assumed constant nonequilibrium concentrations was the best predictor of this remediation time. The equilibrium assumption provides a better prediction of volatilization than dissolution behavior, but still underestimates the remediation time compared to case (b). The percentage of the total styrene mass recovered from the experimental system at 1091 and 1146 pore volumes equals 98.3 and 99.4%, respectively. These observations suggest that volatilization predictions should consider rate-limited mass transfer, but that temporal changes in interfacial area do not have to be explicitly modeled. For further discussion of these issues, the interested reader is referred to Abriola et al. (15) .
Nonaqueous-Phase Liquid Mixtures
The preceding section presented data related to the dissolution and volatilization of pure (single chemical component) organic Xa-X" Xai [12] The assumption of ideal organic behavior is reasonable for NAPL mixtures composed of chemically similar components (56, 57) Recall that the correlation presented in Figure 7 was developed for the prediction of initial volatilization rates. To investigate the long-term volatilization behavior for the various NAPL mixtures, additional column experiments were conducted. In these experiments, flow rates were maintained at low levels to achieve close to equilibrium conditions at the initiation of volatilization. Figure 8 shows results of one experiment. Here the log of normalized effluent concentration is plotted versus pore volumes of gas for the NAPL mixture composed of 0.8 toluene and 0.2 styrene (mole fractions). Note that concentrations are normalized with respect to the saturated gas phase concentration of the pure organic liquid. Examination of the figure reveals that the relative concentrations for both toluene and styrene are initially determined by their mole fractions in the binary mixture, as predicted by Raoult's law. As in the pure NAPL volatilization experiments ( Figure  6 ), these relative concentrations are maintained over many pore volumes, presumably due to the pore scale distribution of interfacial area as continuous films ( Figure  iB) . As one component becomes depleted, however, the behavior differs from the pure NAPL case. A rapid drop in the effluent concentration of the more volatile component (toluene) is accompanied by an increase in the mole fraction of the remaining constituent (styrene) to near-saturated values. Again, these observations are consistent with ideal partitioning behavior as predicted by Raoult's Law. Note that here an increase in styrene concentration actually reflects NAPL mass reduction. This experiment illustrates that large variations in component concentration can be caused by changing NAPL composition. Similar behavior has been observed in column vapor extraction investigations using more complex NAPL mixtures (38, 39) . Figure 8 reveals that eventually the majority of the remaining NAPL component mass is removed. This removal is accompanied by a dramatic decrease in the air-NAPL interfacial area, followed by a sharp decline in the effluent concentration. As discussed above, the observed concentration tailing behavior for both components is likely due to rate-limited desorption, and/or the presence of less accessible residual organic. These experimental observations suggest that the volatilization, disappearance rate, and associated gas phase concentrations for binary organic liquid mixtures under natural or remediation conditions can be adequately predicted with the linear driving force expression, coupled with Raoult's Law (Equation 12 ) and a correlation (Equation 7) representative of initial volatilization rates.
The assumption of organic liquid phase ideality has also been used successfully by a number of investigators to describe the equilibrium dissolution of polynuclear aromatic hydrocarbons (PAHs) from DNAPLs such as creosotes and coal tars (48, (59) (60) (61) . Significant deviations from ideality, however, have been reported in some cases (48) . Furthermore, rigorous validation of the use of Raoult's law has been compounded by difficulty in completely characterizing field coal tar samples. To more conclusively address this issue, a laboratory batch study was undertaken to investigate the dissolution behavior of a number of synthetic, compositionally well-defined, coal tar mixtures (16) . Mixtures were composed of toluene and eight PAHs: naphthalene, 1-methylnapthalene, 2-ethylnaphthalene, acenaphthene, fluorene, phenanthrene, fluoranthene, and pyrene. Experiments were conducted in a custom-designed mixed reactor system, consisting of a cylindrical reservoir that had been fused to the bottom of a 1000-ml three-necked flask. The design of the reactor was such that a constant DNAPL-water interfacial area was maintained throughout the course of the experiment at the juncture between the cylindrical reservoir and the flask. Both fluids were mixed continuously and the aqueous phase was sampled periodically until equilibrium between the phases was achieved (over 5-7 days). Further details pertaining to the experimental protocol and preparation of the synthetic DNAPL mixtures may be found in Mukherji et al. (16) . The multicomponent dissolution process occurring in the reactor was subsequently modeled with a linear driving force expression (Equation 10) and the equilibrium partitioning relation (Equation 1 1) . Values of the mass transfer and equilibrium partition coefficients for the various DNAPL components were determined by fitting this model to the observed timedependent aqueous phase concentrations. The fitted mass transfer coefficients for this water-DNAPL batch system will not be discussed further herein. The interested reader is referred to Mukherji et al. (16) for a complete presentation ofthese coefficients.
The fitted equilibrium partition coefficients were used to assess the assumption of organic phase ideality ('yi= 1) 
Fractional Wettability Soils
The foregoing discussion and experiments focused on the entrapment and mass transfer behavior of NAPLs in water-wet porous media. This has also been true of most previous experimental dissolution studies, which were conducted in water-wet glass beads or silica sands where the residual NAPL was entrapped primarily as singlets or multipore ganglia ( Figure 1A ) (6, (27) (28) (29) (30) (31) . Natural subsurface systems, however, may exhibit pronounced variations in solid surface properties. For example, spatial and/or temporal changes in aqueous chemistry (63) , mineralogy (64) , organic matter distributions (65), surface roughness (66) , and contaminant aging (67) can give rise to variations in wetting properties. When both water-and organic-wet sites are present in a medium, this condition is referred to as fractional wettability. In the petroleum literature, fractional wettability has been recognized as a ubiquitous condition (68) (69) (70) . An understanding of the influence ofwettabiity variations on the pore-scale configuration of residual NAPL and the subsequent interphase mass transfer will thus be required to assess the persistence of NAPLs in natural soils. Figure 9 presents a conceptual model of residual NAPL distribution in a twoliquid-phase fractional wettability system. Note that the residual NAPL indudes both multipore NAPL ganglia and singlets, as found in water-wet porous media ( Figure  IA) as well as organic films coating some of the solid surfaces. It is anticipated that such changes in the pore-scale distribution of residual NAPL will lead to differences in the organic-water interfacial area (71) and the aqueous flow field (72) . For a soil at a given NAPL saturation, the organic-water interfacial area will be much higher when the NAPL is distributed as a film than when it is entrapped as a singlet or ganglia (73) .
To explore the influence of fractional wettability on the entrapment and Table 2 . Calculated values of y&j and fofol* for organic components of the synthetic DNAPL mixture ( 16) (14) . The initial organic saturation for the 0, 25, pore structure. In the research reported 00% OTS sands were 0.065, 0.060, 0.069, and 0.059, respectively; the corresponding superficial velocities herein, predictive correlations were devel-3, 6.58, 6.79, and 6.56 m/day, respectively. oped relating experimentally determined lumped mass transfer coefficients (for conof high effluent concentrations, fol-dissolve more slowly than the PCE films stant interfacial areas) and relevant system oy a more rapid decrease of the con-because of their lower interfacial area per parameters. Mass transfer coefficients for on, and finally lower concentrations PCE volume ratio. The higher PCE con-volatilization and dissolution showed simiailing region. Note also that the dis-centrations in the tailing region with lower lar dependencies on velocity, indicating l behavior for the 100% OTS sand organic-wet fractions can be explained by comparable flowing phase fluid dynamics in lar to the volatilization behavior assuming more of the entrapped PCE these systems. When considering medium ed for a three-phase water-wet occurred as ganglia than as films in media specific parameters, however, the volatilizan ( Figure 6 ). This observation can with lower organic-wet fractions.
tion mass transfer coefficient was found to buted to the comparable pore-scale Summary and Implications be directly correlated to the mean soil grain Lration of the residual organic in size, whereas the dissolution mass transfer stems. This paper has presented an overview of coefficient was inversely related to this paraossible explanation for the dissolu-experimental research exploring NAPL meter. This result, as well as sensitivity to havior shown in Figure 10 is sug-entrapment and interphase mass transfer porous medium uniformity, was explained by considering the conceptual that has been conducted over the past sev-by considering differences in entrapped of PCE distribution in fractional eral years at the University of Michigan. An NAPL morphology occurring in the satulity media (Figure 9 ). In fractional understanding and quantification of these rated and unsaturated zones. Application of lity media it is likely that the resid-interphase mass transfer processes will be these correlations permits estimation of E is entrapped both as films cover-required to predict organic contaminant receptor concentrations and contamination anic-wet solids and as larger ganglia persistence in the subsurface, as well as the persistence in a given scenario. ter-wet solids. The relative propor-effectiveness of remedial technologies. In The research presented herein also PCE entrapped as films and ganglia this work, a quasi-steady-state approxima-demonstrates the importance of interfacial s largely on the fractional wettabil-tion of Fick's First Law, i.e., a linear driving area in the determination of the initial and, te area per volume ratio of the force model, has served as the conceptual most particularly, the long-term mass transed NAPL would be much higher and mathematical framework for the fer of NAPLs. Prolonged mass transfer of ie PCE is distributed as films than description of rate-limited interphase mass NAPLs leads to changes in the NAPL satut occurs as ganglia (73) . Conse- The experimental studies presented herein have identified key parameters that must be considered in investigations of interphase mass transfer. Significant research efforts at the University of Michigan have also been made to incorporate this information into numerical multiphase flow and transport simulators (6, 15, 23, 41, 75, 76) . Numerical experiments have subsequently been undertaken to investigate the implications of rate-limited mass transfer at a variety of scales (column to field), and to explore complex interactions between interphase volatilization, dissolution, sorption, and biological transformations. The insight gained from these numerical studies has synergistically stimulated new experimental endeavors. Ongoing research sponsored by the NIEHS is currently directed towards the incorporation of interfacial area estimates into correlations of interphase mass transfer, the quantification of rate limitations in concentration tailing regions, and the interaction of interphase mass transfer and bioavailability. 
